
















































































































































































































































































































































































































































































































































































































































































































































































TABLE 4(b). ' Sill/MARY OF- ROUGHER OR SCAVENGER TAILING DATA

Sample % Wt % Cu % Ni %Co %S Cu Loss Ni Loss Co Loss

One-stage Grind Flotation

IP9002 80.45 0.044 0.05 0.02 0.09 7.36 34.30 61.10

IP9003 ' 81.08 0..068 0.068 0.015 0010 7.91 25.91 71.71

DP9002 83.01 0.023 0.027 0.012 0.44 . 2.36 9.19 45.19
1 63.59 0.020 0.027 0.016 a.oso 1.68 8.23 50.10
2 56.93 0.019 0.027 a.OIo 0.028 1.44 7.28 49.11

009001 84.43 0.03 0.04, 0.010 00032 6.39 29.28 75.59

AX9001 80.47 0.034 0.028 0.013 0.041 8.57 '30.95 72.06

AX9002 75.59 0.051 0.048 0.008 0.061 6.05 22.50 63.58

AX9003 79.09 0.039 0.065 0.013 0.093 5.04 27.00 60.89

AX9004 52.46 0.070 0.031 0.013 2.40 2.55 2.81 14.17
1 44.14 0.066 0.033 0.012 0.31 2.15 2.24 13.38
2 38.56 0.068 0.029 0.012 0.14 L93 1. 74 12.66

AX9005 15.56 0.037 0.053 0.015 0.19 4.24 24.54 61.42

Two-stage Grind Flotati..s-:l

IP9002 84.75 0.045 0.044 0.013 O.lO 7.87 26.73 73.85

IP9003 90.38 0.055 0.078 0.019 0.21 8.11 34.49 6:2.44

DP9002 81.07 0.053 0.034 0.015 0.50 5.37 13.64 35.71
1 16.13 0.073 0.027 0.016 0.14 7.18 10.74 58.67
2 72.08 0.069 0.026 0.016 0.09 6.45 9.61 57.51

. US9001 89.50 0.075 0.035 0.018 0.10 16.83 31.27 58.34

AX9001 89.04 0.065 0.032 0.011 0.08 6.45 31. 74 70.47

AX9002 84.85 0.074 0.045 0.013 0.09 9.22 23.50 58.43

.AX.9003 83.68 0.07 0.07 0.013 0.18 9.46 35.13 54.78

AX9004 67.55 0.080 0.041 0.010 2.87 3.97 5.28 12.45
1 53.07 0.038 O.O:W 0.014 0.64 1.55 1.81 9.52
2 50.14 0.0.35 0.018 0.014 0.24 1 •.35 1.57 7.93

AX9005 85.05 0.089 O.-Q50 0.014 0.25 10.60 27.15 52.06

AX9006 58.29 0.079 0.033 0.017 0.17 0.88 3.83 20.84
1 44.64 0.058 0.031 0.018 0.12 0.52 2.48 15.37
2. 38.62 0.049 0.029 0.018 0.10 00 •.35 1.95 13.28

AXSOO7 67.10 0.072 0.023 0.019 0.11 1.55 6.77 38.91..
1.37 36.8063.60 0.066 0.022 0.018 0.70 6.48

'" 60.02 0.058 0.021 0.018 0.05 L12 5.62 35.17

..........7,;;'Qm::=t~S ~

lSc 1 Tail
2Sc 2 Tail
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DP9002 and the semi-massive samples showed a similar trend, namely, each

curve stayed on a plateau of copper recovery'over a fairly wide range of

grade in copper, and the curves were displaced vertically, more or less,

in proportion to their head grades. Such an observation appears reasonable,

since the tailing grades were, more or less, constant at 0.05 percent copper.

The copper recoveries of the two-stage grind flotation were a few percent

lower than those of the one-stage grind flotation, for corresponding samples.

This observation is in good agreement with the effect of the mesh-of-grind

on copper and nickel contents in R Tails (Table 3). Only Sample IP9003

tended to deviate from the other disseminated samples. The copper recovery

dropped steadily as the concentrate grade improved, and the grade-recovery

curves were·virtually superimposable for both minus 65-mesh and minus 200

meSh grind samples.

The weight recoveries and the concentrate as well as tailing grades

(Cu, Ni, Co, Fe and S) at any given copper analysis of the concentrat~s .

may be estimated by referring to the tables titled, "Calculated Grade and

Recovery in Each Stage of Standardized (or Modified) Flotation Tests," on

individual samples presented in Chapter 3. It is advisable to computerize

these data for facilitating the retrieval of info~mation at, any copper

analysis specified for a concentrate.

4.4 CHEM1CAL fu~D MINERALOGICAL CHARACTERISTICS OF FLOTATION PRODUCTS

With Samples DP9002 and AX9004 the concentrates could not be upgraded

readily to above 10 percent copper due to the presence of large amounts of

pyrrhotite. It appears, therefore, that differential flotation should be
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considered for these samples in order to reject the pyrrhotite and upgrade

the concentrate to, say, 14 percent copper. Only with Sample US9001 could.

magnetic separation be used to upgrade ·a concentrate from ll.3,percent

copper to 14.3 percent copper .

. Pyrrhotite, and cubanite are commonly kno\m to be strongly magnetic.

Davis magnetic tube tests were. performed 011 Cl 4 Cone samples originally

to explore the feasibility of a pyrrhotite separation and also of a copper-

nickel separation, perhaps in lieu of differential flotation. The test

results are summarized in Table S. Only Samples US9001 and DP9002 responded

to such a treatment scheme producing magnetic concentrates with low copper

and nickel con'tents. Since the other samples contain pyrrhotite and oubanite,

it appears that in most Duluth gabbro samples these minerals are o~ the non~

,magnetic variety. It is well known that, whereas monoclinic pYrrhotite is

magnetic, hexagonal pyrrhotit.e is not.. It is interesting to note also that

nonmagnetic cubanite is not commonly mentioned in the literature.

TABLE 5. DAVIS MAGNETIC TUBE TEST RESULTS
ON CONCENTRATES (eL 4 CONC)

Sample

,lP9002
IP9003
DP9002
US9001
AX900l'
A,X9002
AX9003
AX9004
AX900S
AX9006
AX9007

355

%
Magnetics

1.59
0.89
5.22

26.61
2.94
1.58
1.64

'0.03
0~69

0.01
0.03



Of particular interest in Table 4 are the recoveries of copper,

nickel, v£ cobalt, or especially their losses to R Tails. Excluding

the high-sulfide ·CDP9002) and the semi~massive (AX9004, AX9006 and AX9007)

samples, the losses of copper,. nickel, and cobal t amounted to, respectively,

4.2 to 16.8 percent, 22.5 to 35.1 percent, and 52.1 to 75.6 percent. The

loss of copper was attributable largely to insufficient liberation in the

coarse fractions, to extremely fine 'included chalcopyrite,11 0 and to high

copper contents in minus 10-~m fractions due presumably to the inefficiency

of fine particle flotation. The loss of nickel was appreciably higher.

Most of the nickel lost in the tailings was present as unliberated sulfides,

and not as fine sulfide particles, nor as nickel in the olivine structure.

The amount of olivine in the tailings was in the range of 10 to 18 percent,

and the nickel content of the olivine was only about 0.05 to 0.08 percent.

The amount of nickel tied up in the olivine structure, therefore, accounts

for only 10 to 20 percent of nickel lost in tailings. The loss of cobalt

was surprisingly high, but apparently its loss as fine sulfide particles

cannot account for the high percentages. Since the unrecovered sulfides

would be subject to oxidation in tailing ponds with possible release of

heavy-metal ions, further research is needed to identify the forms in

which these elements are present and to develop a process to improve their

recoveries.

Inductively coupled plasma-atonic emission spectroscopi~ (rep) analyses

were made on flotation. feed and product samples to explore the possibilities

of concentrating certain trace elements in the concentrates and of finding

unusual trace elements in the tailings. The concentrations of such trace

elements as silver, Zinc, lead, and mercury in the cleaner concentr~tes
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i.ncreased appreciably from their' respective feed samples. These increas'es

were thought to be due to the clos'e association of these elements with

suifide minerals. The silver. content of C14 Cone ranged from 0:41 to
1.66 ounces per ton, and the zinc content increased from 0.01-0.02 percent

in the feed to 0.1-0.2.percent in .the Cl 4 Cone. Merc.ury was analyzed on

only three samples, namely IP9002, DP9002 and,US9001, and it increased from

60-90 ppb in the feed to 160-200 ppb in the Cl 4'Conc. The cadmium and"

lead contents in the feed were below the detection limi~s, but then were

upgraded to a level well above their detection limits in some samples of

the Cl 4 Cone. It was also noted that, although these elements were reported

to be rnat detected,' they often exceeded the detection limit in the smaller

size fractions,.?ay minu~ 10 ~m, of the Cl 4 Cone .. The det~ction limits for

cadmil~ and lead were calculated to be 0.0007 percent and 0.0016 percent,

respectively, from the information given in Chapter 2,Table S. Only in

one sample (IP9002) arsenic was present in the amount of 0.01 percent anq.

virtually all of it reported in the flotation tailings. The arsenic content

of all the other samples was below the detection ~imit (0.0014 percent).

Detailed mineralogi~al studies were made on ,the flotation products

from Samples ~X9002; AX9004 and AX900S and similar data are available on

S~~les IP90027 and IP9003. 6 All the data indicated that the copper

sUl~ides (chalcopyri~e-_cubanit;e)were essentially liberated from the iron

nic~el sulfides (pyrrhotite-pentlandite) at abo~t 400 mesh, indicating that

the differential flotation of copper f.rom nickel would be possihle. It was

also noted that the gangue minerals were well liberated at a 6S-mesh grind.

This would indicate that flotation tailings could be utilized in by~product

recoveries of such mineral cOIIUllodities as ilmenite, feldspar, olivine, mica,

357



and graphite, as well as in the separation of hydrous minerals, without

further regrinding.

4.5 PRECIOUS METALS

Duluth gabbro contains traces of gold, silver, and the platinum group

metals amounting, according to some estimates, to as high as 10 percent of

the gross value of the copper and nickel. Only a limited amount of the

analytical data is available in the literature on the precious metals in

bulk sulfide 'concentrates on Inco pit. samples and none on any crude samples.

Table 6 summarizes the results of precious metals analyses on flotation

concentrates of the Inco pit sample reported by different laboratories.

It is interesting to note that all the .results are in good agreement

although they were for different.bulk flotation. concentrates.

The precious metals analyses of several selected concentrates are

given in Table 7.
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TABLE 6. PRECIOUS METALS ANALYSES OF FLOTATION
CONCENTRATES FROM INCa PIT SAMPLES

This Report* ICP

Thingvold**. NAA

MRRC 7 Spectrographic

==== :;:;;;C::;;:;::1i ~~~~""':::':'-=::"--~~%::OZ_--......,o;,.':'..-::c::::::..~~:;;c:~'S:,..Hl=:;;:;a;:..:::::::u

Percent Ounces per ton
eli Ni Au Ag Pt pci

10.0 2.2 0.04 1.1 '0.036 0.120
14.4 3.1 0.04 1.5 0.030 0.128
12.2 '2.5 0.04 1.4 0.021 0.122

1.3.3 3.6 0.025 0.86 0.035 0.10

27.9 0.33 0.10 1.3 0.03 0.13
1.0 11.7, 0.05 1.2 0.03 0.10

16.7 2.6 1-:01
0.81

16.6 3.2
16.7 2.6 0.020 0.71

-= - .... l~ ""-:::r.:;:

Analytical
Method

Spectrographic

Source

Ineo 12

USBM8

* Section 3.1
'**Letter dated July 13, 1977

TABLE 7. PRECIOUS METALS ANALYSES OF FLOTATION CONCENTRATES
FROM VARIOUS DULUTH GABBRO 'SAMPLES

L::::s

Test Percent Ounces per ton
Sample No. Cu Ni Au Ag Pt p Pd

IP9003 6 &7* 18.91 3.85

AX9004 14** 8.28 3.20

AX900S 7 19.99 3.36

Pilot P1ant*** 15.02 2.59

AX9006 2 23.02 1.86

AX9007 2 23.98 1.35

* C1 4 Cone from two tests mixed
**Duplicate test sample

***February 23, 1978, 5-7 p.m.
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Analytical resul ts on crude' and tailing -samples were reported in the

neutron activation analysis and the Barringer. rcp analysis results, although

the former method 'was restricted to gold and silver, and the later to only

silver. The neutron activation fails to give platinum and palladium analyses

because of interference from scandium. Nevertheless, the amounts of gold

and silver recovered by flotation were estimated from the available data

and summarized in Table 8. It ~ppears that the rec-overy of gold was moder

ately high (in the range of 59 to 75 percent), whereas the recovery of silver

was surprisingly low (in the range of 15 to 31 percent). A study on how

precious metals are distributed becomes of interest.

4.6 WATER CHEMISTRY OF FLOTATION PULPS

The pulp pH after conditioning and the residual concentrations of

potassium amyl xanthate (KAX) and methyl isobutyl carbinol (MIBC) in pulp

solutions immediately after flotation are summarized in Table 9. Although

the pulp pH averaged 8.8, the freshly acquired samples appeared to give a

value in the range of 9 to 9.5. Three samples wi th low pH valu,es are

thought to have been oxidized through long periods of storage or stock

piling (IP9003, DP9002 and US900l). Sample AX9004 probably had a low

pH because of a high pyrrhotite content.

The residual concentration of KAX in the pulp solutions ranged from

1 to 1.5 ppm. At a (:onstant level of KAX addition of 0.05 pound per ton,

its concentration without adsorption is estimated to be 11.5 ppm, assuming

that the purity of the collector used was 69 percent (see Section 2.3.3).

A residual concentration of 1 to 1.5 ppm would then correspond to 90 percent
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TABLE ~. PRECIOUS METALS RECOVERIES IN BULK SULFIDE
FLOTATION-OF IP9002 AND AX9002 -

'!f7"'!':"7~

Analytical Ounces per ton % Dist
Test No. Method Product % Wt Au Ag Au Ag

IP9002

40. One-stage NAP.. Cl 4 Cone 2.55 0.020 0.71 59 20
Grind R Tail 80.45 0.00036 0.10 33 (89)
Flotation Feed 100.00 0.00087 0.090

Iep C1 4 Cone 2.55 1.01 150.81
R Tail 80.45 0.10 S3
Feed 100.00 0.15

41. Two-stage Iep Regr Cl 4 Cone 2.48 1.30 21
Grind C1 Tail 8.86 0.16 ~ 9
Flotation R 'Tail 84.75 0.10 57

Feed 100.00 0.15

AX9002

20. One-stage NAA C1 4 Cone 3.68 0.032 1.15 7S 31
Grind R Tail 75.59 0.00027 0.055 "13 31
Flotation ·Feed 100.00 0.0016 0.134

21. Two-s·tage rep Regr Cl 4'Conc 2.48. 1.66 26
Gz:ind C1 Tail 8.51 0.12 6
F.lotation R Tail 84.85 0.20 (106) .

Feed 100.00 0.16
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TABLE 9. 'PULP pH AND RESIDUAL CONCENTRATIONS OF FLOTATXON
REAGENTS I~~EDIATELY AFTER FLOTATION TESTS

One-stage Grind Two-stage Grind
Flotation Flotation

Pu.1p KAX lvII BC Pulp KAX MIBC
Sample pH (ppm) (ppm) pH (ppm) (ppm)

IP9002 9.3 1.20 3.00 9.2 1.62 2.91

IP9003 8.3. 0.35 6.84 8.0 0.43 10.00

DP9002 8.7 0.74 5.99 8.3 0.76 6.73

US9001 7.8 0.29 6.52 7.4 0.32 6.37

AX9001 9.4 1.99 11.18 9.4 1.97 9.19

A;<9002 9.3 1.18 15.05 9.2 1.46 5.28

AX9003 9.4 2.10 8.40 9.3 2.00 10.73

AX9004 8.5 2.08* 5.69 8.5 3.58* 7.91

AX9005 9.1 0.84 3.29 8.8 1.16 2.30

Average 8.87 1.20 7.33 8.67 1.'48 6.82

Standard
Deviation ±0.57 ±0.72 ;=3.81 ±O.69 ±l.OO ±2.97

*Sc 1 Tail in modified flowsheet
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ab.straction. The terTIi "abstraction t denoted that the. consumption of the

collet ~ ipcluded not only adsorption by minerals, b~t also precipitation

. by heavy-metal ions in solution and d~composition" It was noted in pilot

plant runs that the residual KAY.. concentrations had to be at least 1 to 2

ppm to insure full· recoveries of sulfide minerals. The residual KAX in
I

tailing pUlps decomposed in a week into a spectrophotometrically inactive

form. The exact path of the decomposition of xanthate has not been estab-

lished, but it is presumed to decpmpose eventually into H20, CO2 and 804-'

The residual concentration of MIBC in pulp solutions centered around

7 ppm. The concentration of MIBC without adsorption is estimated to be

16.7 ppm at 0 .. 05 pound per ton. Since the residual concentration of 7 ppm

included the removal in the froth and the dilution water during flotation,

a dilution factor similar to that developed for, fiber analyses (see Section

2.4.8) should be applied. It appeared that there was very little abstraction

of the MIBC by the ground ore. The equilibrium concentrations prior to

flotation (see Table 5 in Section 3.6) were seen to be in the range of 15

to 20 ppm. The resi~ual MIBC in the tailing pulps decomposed in a week .

. The trace-element analyses of the tailing pulp solutions show~d yery

little unusual elements upon aging. The pulp pH_showed a tendency to decrease

from near 9 during flotation to about 8 after a month. The concentr'ation of

copper ions remained near 10 ppb throughout the period. The concentrations

of nickel ions were essentially below the limit of detection by the analytical

method used_(90 ppb). Frequently the concentrations of copper and nickel ions

were higher in pulp solutions prior to the collector addition than after the

flotation. The -decrease in the presence of ore samples may be attributed to

the precipitation of insoluble metal xanthates upon addition of the collector
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and to the exchange reactions with iron and zinc sulfides. All the available

Barringer data on R Tails averaged 0·.-013±0. 004 percent zinc, and the zinc

ion concentrations were seen to increase in many sample~ to a few tenths of

one ppm in a month. In some of the pulp solutions arsenic was reported to

be present in the range of 0.2 to 0.4 ppm. Since these v~lues are barely

above the limit of detection. (0.14 ppm), the significance of such an'observa

tion should be carefully evaluated with further te.sting. In the pulp solutions

of virtually all the samples the presence of chromium in the range of 0.006 to

0.1 ppm, of vanadium in the range of 0.001 to 0.03, and of molybdenum in the

range of 0.03 to 1 ppm was noted.

Table 10 shows the results of trace element analyses of concentrate and

tailing water samples taken during a pilot plant test on a Duluth gabbro

similar to A~9005. Of note are the similarities of the analytical results

between bench and pilot plant tests, and of conc~ntrate and tailing water

samples. The lowering of the pulp pH through sulfuric addition had an

effect of raising the concentrations of various ions.
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TABLE 10. TRACE ELEMENT ~~ALYSIS RESULTS IN PPM ON 'CONCENTRATE
AND TAILING WATER SAMPLES OF ORE 1969, LOT 2
(PILOT PLANT RUN ON JAN~A,RY. Ilj 1978)

Natural pH Acid pH
Concentrate Water Tailing Water, Concentrate Water Tailing \'later

(pH 8.6) (pH 8.7) (pH 7.8) (pH 6.9)
Tap Water Duplicates Duplicates I Duplicates Duplicates

Al 0.23 0.26 0.25 0.33 0.33' 0.32 0.40 0.46
B nd nd nd nd nd nd ,nd nd
Ba nd nd nd nd nd nd 0.06 nd
Be rid nd nd nd nd . nd nd nd
Ca 71.0 72.2 :70.3 70,.3 102 101 151 152
Cu 0.009 0.009 nd " 0.009<--- 0.037 0.02 0·013 0.013
Fe 0.124 0.189 0.044 0.254 0,345 0.319 '0.176 0.224
K 13.8 13,8 17.0 17.0 15.4 is.4 21.2 21.2
Mg 38.0 38.5 ,37.6 37.3 52.5 Sl.9 72.6 75.1
Hn 0.0789 0.0789 0.0526 0.105 0.289 '0.289 1.'49 1.37

l.N Na 52 53 56 56 49 49 56 570\
(/1

P nd nd nd nd nd nd nd nd
Se nd nd nd nd nd n'd nd nd
Te nd nd nd nd nd nd ' nd nd
Pb nd nd nd nd nd nd nd nd
Si 2.09 2.08 2.13 2.38 2.85 2.91, 3.79 4.06
Sr. 0.251 0.253 0.246 0.246 0.335 0.322 0 . .486 0.492..
Ti nd 0.006 0.006 0.006 0.006 0.006 0.006 0.006
V 0.023 0.022 0.024 0.024 0.033 0.03 0.049 0.05
Zn nd nd nd nd nd nd nd nd
Th nd nd nd nd nd nd 0.016 0.018
Ag nd nd nd nd nd nd nd nd
As nd nd nd nd nd nd 'nd 0.3
Cd 0.09 0.09 0.09 0.09 nd 0.09 0.08 0.08
Co nd nd ' nd nd - nd nd nd nd
Cr 0.025 0.03 0.022 0.023 0.032 0.049 0.035 0.053
lvfo 0.16 0.15 0.09 0.16 0.2 0.16 0.1 0.1
Ni nd nd nd nd ~ nd nd nd nd
21: nd nd nd nd nd nd nd nd
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